
Low Frequency Array

Radio Studies of
Solar-Terrestrial Relationships

LOIS Science Team
Edited by Bo Thidé

March 18, 2002

Contents

Summary 3

1 Introduction 5

2 Remote Sensing of Geospace and the Inner Heliosphere 6

3 Solar Radar 8
3.1 Fundamental Solar Atmospheric Research . . . . . . . . . . . . . . . . . 12

3.1.1 Ray Trace Modelling of Solar Radar Experiments . . . . . . . . . 17
3.2 Applied Solar Atmospheric Research—“Space Weather” . . . . . . . . . 20

3.2.1 The Morphology of Coronal Mass Ejections . . . . . . . . . . . . 21
3.2.2 CME Probing at Frequencies Outside the Optical Range . . . . . 23
3.2.3 Monitoring CMEs from the Ground . . . . . . . . . . . . . . . . 23

4 Solar Wind Radar 26

5 High-Altitude Magnetospheric Radar 28

6 Low-Altitude Magnetospheric Radar 29

7 General Remarks 29
7.1 Solar Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
7.2 Magnetospheric Scatter . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
7.3 Radar Scattering Centres of Consequence to Deep-Space Probing . . . . . 31

8 Siting Options 32
8.1 Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
8.2 North America . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
8.3 Europe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

8.3.1 Case Study 1: Collaborative Magnetospheric Observations using
LOFAR-LOIS and the EISCAT Incoherent Scatter Radars . . . . 34

8.3.2 Case Study 2: Collaborative Studies between LOFAR-LOIS
and the EISCAT High-Power HF Transmitter . . . . . . . . . . . 35

8.4 Bistatic Radar Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . 36

References 41



Contributors

HENRY AURASS API, Potsdam, Germany
YURIY BELOV NIRFI, Nizhniy Novgorod, Russia

ARNOLD BENZ ETH, Zürich, Switzerland
NATALY BLAGOVESHCHENSKAYA AARI, St. Petersburg, Russia

BENGT ELIASSON IRF/Uppsala University, Sweden
VLADIMIR FROLOV NIRFI, Nizhniy Novgorod, Russia

SAVELIY GRACH NIRFI, Nizhniy Novgorod, Russia
CHRISTIAN HANUISE LPCE/CNRS, Orléans, France

BRETT ISHAM EISCAT, Tromsø, Norway
ALEXANDER KONOVALENKO IRA, Kharkov, Ukraine

THOMAS LEYSER IRF, Uppsala, Sweden
HENRIK LUNDSTEDT IRF, Lund, Sweden

GOTTFRIED MANN API, Potsdam, Germany
PETER ROBINSON University of Sydney, Australia

FRANCIS SEDGEMORE DSRI, Copenhagen, Denmark
OLGA SHEINER NIRFI, Nizhniy Novgorod, Russia

MICHAEL STARKS AFRL, Bedford, MA, USA
KRISTOF STASIEWICZ IRF, Uppsala, Sweden

ÅKE STEEN RemSpace Group, Linköping, Sweden
BO THIDÉ IRF, Uppsala, Sweden

YURIY TOKAREV NIRFI, Nizhniy Novgorod, Russia
ANDERS VÄSTBERG RIT, Stockholm, Sweden

JÜRGEN WATERMANN DMI, Copenhagen, Denmark



Summary
The solar corona can be probed using ground-based radar operating in the 10–
100 MHz frequency range. This has been demonstrated via radar observations per-
formed during the second half of the past century, which were however impeded
by low sensitivity and coarse resolution, leaving the puzzling complexity of the
signals largely unresolved. This is also supported by modern ray tracing simula-
tions using numerical models of the solar corona. By now, our understanding of
the structure and dynamics of the solar atmosphere is much more advanced so that
a new attempt to probe the solar corona with a powerful and sophisticated radar
facility appears to be a timely research project.

The high frequency (HF, 3 to 30 MHz) and very high frequency (VHF, 30 to
300 MHz) radar bands provide for a sensible complement to the visible regime
and are expected to yield a quantitative description of plasma density, velocity and
turbulence at different altitudes within the solar atmosphere. Of scientific interest
are the structure of the corona under quiet conditions (ground state) as well as at
various levels of activity. Of particular interest to us are the most active regions
because they exert a major influence on geospace with potentially grave effects
in the human environment. The most prominent manifestations of the active Sun
include coronal mass ejections (CMEs), solar flares, and low-latitude coronal holes
(regions of open magnetic field lines and high velocity solar wind).

These regions are sources of “adverse space weather”, i.e., conditions in geo-
space which adversely affect human health and operations of technological sys-
tems. It is therefore of great importance to human society to monitor the devel-
opment and propagation of energetic solar events. An operational space weather
program, i.e., one capable of routine observation and forecast, must build on funda-
mental space and atmospheric research. Space weather research aims to understand
the physics governing solar activity and its consequences and helps to build and
subsequently improve dynamic models. An integrated receiver-transmitter system
based on the LOFAR facility but augmented with an external radar sub-facility will
form an important element in space weather research.

The ability to physically utilise and computationally model the orthogonal O
and X mode radio wave polarizations separately has important implications for the
monitoring of the corona, as the different polarisations have distinct magnetic char-
acteristics, which might in principle be used to measure and monitor the coronal
magnetic field.

The deeper worth of the radar extension is found in the valuable contribution
that ground-based radar measurements of coronal turbulence and magnetic fields
can make to our modern network of ground- and space-based solar observatories.
Solar radar observations are expected to provide important and unique comple-
mentary information that will assist in the interpretation of other measurements,
thus allowing the more accurate forecasting of space weather events.
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1 Introduction
To study the fundamental physical principles governing the Earth’s space envir-
onment and thereby better understand and, more importantly, predict the effect of
solar-terrestrial processes which define the conditions for life on and around our
own planet, powerful and sophisticated instruments are required. Observations
from spacecraft moving with speeds of several kilometres per second typically
provide snapshots from this environment and are ideally combined with obser-
vations of processes taking place on large spatial scales and over extended time
periods as provided by ground-based space research facilities. Furthermore, many
regions of solar-terrestrial space can only be probed by instruments which sense
the processes remotely. An example of such a region is the inner solar atmosphere.

A judiciously designed radio facility such as the Low Frequency Array (LO-
FAR) radio telescope1 is versatile and flexible enough to allow the passive study
of a large variety of physical phenomena in virtually all space regions of cent-
ral interest for present and future space physics, from the Earth’s neutral atmo-
sphere to the Sun and even beyond, with one and the same instrument. Realising
that it would be difficult to motivate scientifically, politically, and financially, the
construction of a relatively costly, specialised, essentially single-purpose large re-
search instrument, the LOFAR facility has the attractive feature of being able to
operate as a multi-purpose radio observatory of a new kind for use in ground-based
space physics, astrophysics and environmental research.

Here, we propose that the receive-only LOFAR radio telescope be augmented
by a ground-based transmitter/radar facility which enables deep-space HF/VHF
radar applications and advocate first and foremost radar probing of the solar atmo-
sphere. The addition of radar capability to LOFAR will not lead to any major new
or costly technical requirements in the strawman LOFAR design. Furthermore, the
groups responsible for the radar-specific facilities and infrastructure will ensure
proper development in that area.

Since the pioneering radio experiments of the early 20th century, many active
radio and radar techniques have been developed for the study of the near-Earth
space. The literature describing this development and the employment of the vari-
ous techniques is plentiful (e.g., Davies [23], Hunsucker [49], and Kohl et al. [62]).

Space radar techniques can be uniquely powerful methods of obtaining inform-
ation not only on near-Earth space but also on planetary objects including planets,
moons, asteroids, and comets; the interplanetary medium; and the Sun. Measure-
ments of the distribution of echo power versus direction angle (image), time delay
(range), Doppler frequency (radial velocity), spectral width (turbulence), and ra-
dio wave polarisation (magnetic field) constitute multi-dimensional observations
of potentially high resolution, given high enough signal-to-noise ratios.

A key factor in space radar investigations is human control of the transmit-
ted signal used to illuminate the target. While virtually every other astronomical

1http://www.lofar.org
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6 REMOTE SENSING OF GEOSPACE AND THE INNER HELIOSPHERE

technique relies on passive measurement of reflected sunlight or naturally emitted
radiation, radar uses coherent illumination whose time/frequency/phase structure
and polarisation state are designed by the scientist. The general stratagem of a
radar observation is to transmit a signal with well-defined characteristics and then,
by comparing the echo to the transmission, deduce the target’s properties. Hence,
the observer is intimately involved in an active observation and, in a very real sense,
performs a controlled experiment on the target.

Deep-space radar studies are made possible through the utilisation of highly
sensitive antennas and receivers along with radio transmitters powerful enough for
the study of our space environment well beyond the ionosphere and the lower mag-
netosphere, which have been the targets for existing traditional scatter radars. Such
observations are performed by the Arecibo radar in Puerto Rico and the Goldstone
radar in California. The bulk of the deep-space radar investigations performed to
date have been studies of hard target bodies at very short radar wavelengths, typic-
ally at S band and X band frequencies [82].

However, the advent of efficient digital techniques for system control and data
handling now allows for the flexible, cost-effective design of large, long-wavelength
(HF/VHF) transmitting and receiving antenna arrays. Thus, we now have the abil-
ity to build long-wavelength radar facilities which can perform radar studies with a
sensitivity and sophistication that has not been previously possible, thereby open-
ing a new frequency window in active deep-space radio research.

2 Remote Sensing of Geospace and the Inner Helio-
sphere

The inner heliosphere is usually defined as the part of the circumsolar region
where the solar magnetic field deviates 45 degrees or less from the radial direc-
tion. This corresponds roughly to radial distances out to one astronomical unit
(1AU= 1.496×1011 m) and encompasses the sunward part of geospace.

While processes in the inner heliosphere and geospace are of decisive import-
ance for Earth’s interplay with its space surrounding and for life on Earth itself,
many of these processes are still not well understood.

In order to overcome these shortcomings in our present knowledge, we propose
that the LOFAR radio telescope, operated in the 10–240 MHz frequency range (30–
1.25 m vacuum wavelength range), be augmented by a sub-facility for transmission
and reception in the same frequency (wavelength) range. This would allow for the
remote radar probing, from the ground, of these regions of space with an unpre-
cedented sensitivity and versatility.

In situ measurements of the interplanetary medium in the near-solar environ-
ment at about 0.3 AU= 62R� (1R� = 6.96× 108 m = 109 Earth radii) were per-
formed in the Helios missions [96] but measurements of the regions much closer
to the Sun have to be made with remote sensing techniques. Spacecraft with ap-
proaches down to 45R� or closer (e.g., Solar Probe and Solar Orbiter [75]) have

Radio Studies of
Solar-Terretrial Relationships



REMOTE SENSING OF GEOSPACE AND THE INNER HELIOSPHERE 7

been planned but cancelled, or will, according to recent ESA decisions, not be built
until 2013.

In addition to solar radar, remote sensing techniques which have been used to
date for studies of the Sun inside of 0.3 AU include

1. The analysis of radio emissions generated naturally within the region and
observed on Earth or on spacecraft. The proposed Frequency Agile Solar
Radiotelescope (FASR),2 possibly to be sited near the Owens Valley Radio
Observatory in California, is an example of a new, interesting ground-based
facility for the passive observation of the Sun in the 0.1–30 GHz frequency
range.

2. Diagnostics of the solar corona with radio transmission and methods utilising
mainly natural radio sources but also spacecraft beacons. The diagnostics
include

(a) Group delay observations using spacecraft, pulsar and planetary radar
signals. They give good total electron content (TEC) observations.

(b) Phase scintillation using

i. Spacecraft transponders.

ii. Natural radio sources and interferometer receivers including multi-
element radio interferometric facilities [6].

(c) Intensity scintillation using natural sources.

(d) Angular broadening using natural radio sources and receiving arrays.

(e) Spectral broadening of spacecraft beacons.

(f) Pulse broadening of pulsars.

3. Optical observations.

(a) UV emission lines can be detected out to about 4R�. These provide
very useful diagnostics on temperature, velocities, turbulence, com-
position, flow speed, etc.

(b) Scattered white light has been detected out to 30R� using traditional
coronagraphs on spacecraft as for instance C3 on SOHO, and even fur-
ther using specialised photometers such as those on Helios. These ob-
servations provide electron density data directly. Optical observations
have become very important for coronal studies particularly since in-
struments were placed in orbit. Solwind, Skylab ATM, SMM, Yohkoh,
SOHO, and TRACE have been responsible for most of our information
on the coronal plasma. New coronagraphs and photometers will be
flown on Solar-B, SMEI, and STEREO.

2http://www.ovsa.njit.edu/fasr
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8 SOLAR RADAR

(c) The Solar Mass Ejection Imager (SMEI), a space-borne instrument will
be launched during 2002 by the U.S. Air Force Research Laboratory.
It consists of CCD cameras and baffles for detecting and measuring
coronal mass ejections optically in the 450–1100 nm wavelength range
[116].

(d) The Solar Terrestrial Relations Observatory (STEREO) mission is
planned for launch in 2005 by NASA. The aim is to make 3-
dimensional studies of the Sun by using optical instruments supple-
mented by passive radio measurements.

4. Magnetic field measurements.

The magnetic field in the corona can be measured via Faraday rotation of
radio signals passing through it [4, 72], but the mean field cancels out and
one can only measure fluctuations in the product BNe. This is a serious
problem because the magnetic field is considered to be a prime source of
energy for heating the corona and accelerating the solar wind. Solar radar
can measure the radial component of the magnetic field directly using the
differential delay between X and O modes, but this was not done in earlier
experiments because they used linear polarised receivers. In UV light, one
can exploit resonant line scattering polarisation measurements to diagnose
the magnetic field (the Hanle effect [43]). For strong fields, the Zeeman
effect can be used.

A combination of one or several of the above techniques and solar radar, which
will be described next, will allow a two-phase approach where the objective of
phase one will be to establish the solar radar as an useful and unique diagnostic
tool. Phase two, where the radar is used more or less as a space counterpart of the
common weather radars for making predictions and forecasts of the space weather,
would then be the next logical step.

3 Solar Radar
Kindled by the discoveries by Hey and Southworth in the early 1940s [44, 103] that
the Sun emits radio waves at metre and centimetre wavelengths, systematic studies
of the solar environment with radio methods have by now been carried out for five
11-year solar cycles [64]. In 1952 Kerr [60] proposed that radar studies of the Sun
could be performed. Further considerations of the solar radar concept were made
a few years later by Bass and Braude [8] and Kerr [61].

However, the solar atmosphere absorbs some of the radar signal intensity ac-
cording to the well-known optical depth formula I(ω)= I0×exp[−

�
κ(ω)dz], where

κ is the absorption index and κ(ω) is principally determined by the solar atmo-
spheric density and temperature profiles and is found to exhibit a ω2 dependence.
This limits the frequency range for a solar radar to below 100 MHz or so.

Radio Studies of
Solar-Terretrial Relationships



SOLAR RADAR 9

FIGURE 1: The El Campo, TX, radar as used by James in the 1960s.
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FIGURE 2: A solar radar can give information on the local physics in the
solar atmosphere. The two data panels left and right are actual results from

the El Campo radar.

The main constraint on the lowest usable frequency is set by the ionosphere. It
is transparent for frequencies of the order 5–10 MHz and higher, depending on the
site, time of the day and time of the year. But even for frequencies above this cut-
off, corrections for the ionospheric distortions on both the transmitted and received
radar signals must be made with self-calibration techniques or similar.

Direct probing of the solar atmosphere with radar techniques have been per-
formed by a number of workers.

1. In 1959, Eshleman et al., in California, detected the corona at 25.6 MHz, at a
time when the coronal radar cross section was greatly enhanced over the av-
erage level [30]. The point of reflection was determined at 1.7 photospheric
radii from the centre of the Sun.

2. From 1961 to 1969 James made a single daily observation of the corona
at local noon, using a much more powerful 38.25-MHz radar system at El
Campo in Texas, [51, 53, 54, 55]. The echoes were typically blue-shifted.

3. In the mid-1960s, Campbell and Parrish detected the corona using a 40-
MHz transmitter at Arecibo with much lower effective radiated power (ERP)
than the El Campo radar [84, 20]. They confirmed James’ results but were
severely limited by the low sensitivity of the 40-MHz Arecibo system.

4. In 1977 and 1978 Benz and Fitze attempted to observe scatter from Langmuir
waves in the corona using a 2.6 GHz, 500 MW CW transmitter at Arecibo
[12, 13, 31] but were not successful, most likely because of the very high
frequency used.

Radio Studies of
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FIGURE 3: Radar cross section of the Sun as measured by James at
38.25 MHz.

5. From 1996 to 1998 solar radar experiments were carried out at 9 MHz using
the Russian Sura high-power radio transmitter together with the Ukrainian
UTR-2 radio telescope in a bistatic mode [94, 93], and there was a likely
marginal detection of the corona with a Doppler bandwidth of about 40 kHz.
During this period Sura was also used in a monostatic mode at 9 MHz [59,
58]; the analysis of the monostatic data is currently in progress [57].

The El Campo radar, built by MIT’s Lincoln Laboratory and pictured in Fig-
ure 1, detected 38.25-MHz radar echoes from the Sun for a period of nine years in
the 1960s [1, 2, 52]. Huge, rapidly-moving targets were occasionally observed, but
this was before the space-borne coronagraph discovery of coronal mass ejections
(CMEs), and the physical nature of these radar targets was a mystery [21]. It has
been proposed that radar echoes from CMEs were being detected [92].

Hence, James’ 1960s results, illustrated by Figures 2 and 3, were dramatic
but complex and difficult to resolve at the time. Despite its tremendous potential,
solar radar is therefore still an essentially unexplored diagnostic technique. Factors
which were not available to James and which are a strong motivation for reopening
the field of fundamental solar radar research at this point in time are

1. Correlative observations from Solar and Heliospheric Observatory (SOHO),
Transition Region and Coronal Explorer (TRACE), WIND, Ulysses, and other
existing or upcoming spacecraft, as well as modern ground-based solar ob-
servatories.

2. Modern polarimetric techniques.

Radio Studies of
Solar-Terrestrial Relationships
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Adapted from Lang [66].

3. Multi-frequency, multi-polarisation radar technologies.

4. An improved general knowledge of the corona.

5. Dramatically improved modelling and computing ability.

On the applied side, reliable detection and monitoring of CMEs is of great
practical importance. CMEs that impact the Earth’s magnetosphere can result in
hundreds of millions of dollars in damage to spacecraft, communications, and elec-
trical power systems [25]. A system of powerful, flexible low-frequency transmit-
ters operated in software, coupled with a high-angular-resolution receiving array,
would form a cost-effective system to detect and track CMEs. The rich information
inherent in this measurement could open an entirely new window on CME stud-
ies, yielding their angular distribution, ranges, and line-of-sight velocities. Here
we present a study of the feasibility of performing such radar studies, starting with
what we know about the solar atmosphere and CMEs.

3.1 Fundamental Solar Atmospheric Research
The solar atmosphere consists of three regions:

1. The photosphere, the about 300-km-thin layer which is the main source of
the Sun’s optical radiation.

Radio Studies of
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2. The chromosphere, a rarefied, almost completely ionised region which at a
height of approximately 2×103 km above the photosphere changes into the
corona. In Hα light, chromospheric structures, in the form of jets, are often
clearly observed near the solar limb.

3. The corona, the extremely extensive plasma region around the Sun which
can be viewed as a kind of ionosphere [34]. It consists mainly of electrons
and protons and is known to absorb/emit/scatter radio radiation.

Given a powerful radar beam and a sensitive receiving array, it is possible to probe
the solar atmosphere from the ground and study its properties in ways not possible
with other instruments.

The electron plasma angular frequency in the solar corona can be estimated
from a good model of the radially dependent electron number density Ne(R) (m−3)
according to the well-known formula3

ωpe(R) =
Ne(R)q2

e

ε0me
≈ 2π ·8.98 � Ne(R) s−1 (1)

If the coronal plasma is relatively smooth and unperturbed, radar pulses will be
reflected from the region where the local plasma frequency matches the radar fre-
quency. Below we present some model calculations based on this fact.

3qe is the electron charge (1.60×10−19 C), ε0 the permittivity of free space (8.85×10−12 F m−1),
and me the electron mass (9.10×10−31 kg)

Radio Studies of
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14 SOLAR RADAR

TABLE 1: Electron number densities Ne�, critical radii Rc, and A values for
three different coronal temperatures T . Adapted from [74].

T (106 K) Rc/R� Ne� (m−3) A (m)

1.0 6.91 5.14×1015 9.64×109

1.4 4.90 1.61×1014 6.87×109

2.0 3.43 1.40×1013 4.82×109

In the inner region of the corona where the flow speed v is much smaller than
the critical speed vc = � κBT/µmp attained at the critical radius Rc =GM�/(2v2

c),4

the heliospheric density model of Mann et al. [74], gives the electron number dens-
ity as

Ne(R) = Ne� exp � A
R� � R�

R
−1 ��� (2)

where A = GµmpM�/(κBT ) and Ne� = Ne(R = R�) is the electron number density
at the bottom of the corona, 2300 km above the photosphere. Actual values of Ne�

and A for different coronal temperatures T are given in Table 1. More sophistic-
ated models exist, which take into account the dependence on heliographic latitude
[117, 113, 14].

Other common coronal plasma density models include the semi-empirical
Baumbach-Allen model [121, 34]

Ne(R) = 1014 � 1.55 � R�
R
� 6

+2.99 � R�
R
� 16 �

m−3 (3)

and the Newkirk model [81]

Ne(R) = 4.2×1010×104.32R�/R m−3 (4)

These three models are plotted in Figure 5.
Combining the Pätzold et al. model, derived from Helios Faraday rotation

measurements [90], and results from Ulysses measurements [86], Mancuso and
Spangler arrive at the following model for the radial dependence of the coronal
magnetic field magnitude [72]:

B(R) = 3.1 � R1AU

R
� 2

nT+0.06 � R1AU

R
� 3

(5)

4κB is Boltzmann’s constant (1.38× 10−23 J/K), T the coronal temperature, µ the relative mean
molecular mass, assumed to have the value 0.6 [89], mp the proton mass (1836me = 1.67× 10−27

kg), G the gravitational constant (6.67×10−11 Nm2 kg−2), and M� the solar mass (1.99×1030 kg).

Radio Studies of
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The effective collision frequency in the solar corona can, according to Eq. (36.5)
in Ginzburg (1970) [34], be approximately represented by the expression

νeff = π
q4

e

(κBT )2 Ne 〈v〉 ln 	 0.37
κBT

q2
e N1/3

e 
 ≈ 5.5
T 3/2 Ne ln � 220

T

N1/3
e
� (6)

We conclude that to a good approximation the quiet solar corona can be treated
as an inhomogeneous, anisotropic (birefringent), collisional plasma which is com-
pletely ionised so that any finite spatial volume consists of equal amounts of elec-
trons and protons. We can therefore use well-established modelling methods (wave
propagation theory, ray tracing, scattering analysis) to estimate the radar cross sec-
tions for a signal with a given frequency, power, beam-width, state of polarisation
and direction transmitted and received by a deep-space radar on Earth. Results of
such calculations are given in Figures 6 and 7.

When a significant plasma perturbation, e.g., a CME, appears in the solar at-
mosphere, this should result in a distinct radar signature which discerns the echoes
from the usual ones. We suggest that the first fundamental physics phase of the
experimental investigations will be to establish such signatures. The second phase
will then be to perform systematic studies of the perturbations in an attempt to use

Radio Studies of
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the results to make predictions on their possible impact on geospace and Earth it-
self. Model calculations which indicate that this is feasible are presented later in
this document.

The pioneering solar radar experiments in the 1950s and the 1960s revealed
a complexity which, at the time, could not be attributed to specific physical pro-
cesses. Adding a transmitter/radar outrigger facility to a very sensitive multi-beam
telescope such as LOFAR, we would obtain an instrument with which we would be
in a good position to perform basic solar research in a much better way than 30–40
years ago.

With such a new radar it will be possible to study the solar atmosphere, includ-
ing the slow wind, whose origin is not yet known. An especially attractive feature
is the possibility of magnetic field measurements using a combination of different
transmitter polarisations and frequencies along with a full characterisation of the
received echoes.

The echoes reported by James were often much more intense that expected,
indicating that dynamic processes are at play. Wave-wave processes have been
proposed in which coronal plasma waves interact with the radar waves such that an
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electromagnetic wave is preferentially reflected back [38, 39].
In particular, scattering from ion acoustic waves and upper hybrid waves have

been suggested [12, 118]. This turbulence was predicted in the early literature
at a level that may be relevant for coronal heating. It opens the possibility of
probing low-frequency turbulence near the Sun where in situ measurements are
not possible.

3.1.1 Ray Trace Modelling of Solar Radar Experiments

As already noted, solar radar frequencies lie between 10 and 100 MHz, in the
HF (high frequency, 3–30 MHz) and VHF (very high frequency, 30–300 MHz)
bands. From the measurements made in the 1960s it is known that solar radar
backscatter occurs at or near the critical level in the coronal plasma, where the
critical level is defined to be the point at which the EM wave frequency equals the
local plasma frequency. It is well known from radio wave propagation theory and
experiments that, as a ray of EM waves approaches the critical level in a magnetised
plasma, it experiences strong refraction effects (Spitze effect) which cause the ray
path to deviate from the “line-of-sight” path followed by waves at much higher
frequencies.

Because of these strong refraction effects, modelling of the propagation of
electromagnetic waves into and back out of the corona will be an essential tool
required to correctly interpret radar data obtained during investigations of the near-
solar plasma environment. These calculations will require the use of a sophistic-
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ated 3-dimensional ray tracing code as well as the development of time-dependent
models of the coronal electron density and magnetic field. During the analysis of
actual measurements, we will use all available data from the international network
of ground- and space-based solar observatories to generate the required models.
Radar pulses will then be numerically propagated into and back from the model
corona, and the results will be used to compute simulated radar data with which to
compare to the observations. Undoubtedly, iteration will be required to bring the
calculations into agreement with the observations, and in that way much additional
information will be gained on the morphology and development of the coronal
medium.

In order to demonstrate and to begin to develop this analysis capability, we
have performed initial ray tracing analyses using two 3-dimensional ray tracing
programs, the US Air Force Research Laboratory (AFRL) Space Weather Center
of Excellence’s Power Tracing Code, and the Swedish Institute of Space Physics
(IRF) ray tracing system ‘RaTS’ [114] (Figures 8, 9, 10, and 11).

The results of this analysis indicate that such investigations are indeed possible
and feasible. In the AFRL test presented in Figures 8, 9, and 10, a group of ten
10-MHz and ten 38-MHz O and X mode rays were traced as they approached and
traversed a spherically symmetric coronal electron density [65, 10, 5, 27] and spiral
coronal B field [83, 48], both corresponding to ideal quiet solar conditions. The
test rays were launched in the solar equatorial plane (z = 0) at a distance of x = 3R�
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and propagated toward the Sun.
The rays were all initially parallel when approaching the Sun, oriented along

the negative x axis. They were spaced 0.12R� apart along the y axis, centred at
y = 0. O mode rays approaching the Sun are shown in Figure 8. Note that the lower
frequency rays scatter away from the Sun long before the higher frequency rays.
This shows the advantage of multi-frequency radar observations for probing dif-
ferent levels within the corona. X mode rays approaching and scattering from the
corona are shown in Figure 9. The spherically symmetric density model results in
the great majority of the rays scattering away from the Earth. More realistic, non-
symmetric and/or irregular density models will result in unpredictable variations
in the backscattered signal, in agreement with the variable solar cross section ob-
served by James [21, 51, 52, 53, 54, 55]. Figure 10 is a plot of the angle between
the X mode wave k vector and the direction of the ambient magnetic field, show-
ing the rapid 180-degree change in direction as the rays backscatter away from the
Sun. Initial results from the IRF code are similar and are presented in Figure 11.

The ability to physically utilise and computationally model X and O mode
waves separately has important implications for the monitoring of the corona, as
the two polarisations have different magnetic characteristics, which might in prin-
ciple be used to measure and monitor the coronal B field in the vicinity of the
scattering region.

3.2 Applied Solar Atmospheric Research—“Space Weather”
Coronal mass ejections (CMEs) are, along with coronal holes (regions of open
magnetic field lines emerging from the corona), the most geoeffective manifest-
ations of solar activity. Geoeffectiveness means that perturbations of the near-
Earth environment (geomagnetic storms) arise which are known as disturbances of
the “space weather,” with the potential for manifold consequences on civilisation
[101]. Geomagnetic storms associated with coronal holes tend to recur with the
27-day solar rotation while CMEs play a substantial, and possibly dominant, role
in non-recurrent geomagnetic storms [76].

The ESA Space Weather Programme has set a number of goals, including
identifying the measurements to be made on the ground and in space in order to
provide centres with relevant data, to present a forecast prototype, and to propose
a space weather centre.5

The US National Space Weather Program has identified CMEs as one of the
most important ingredients in space weather research and monitoring [79]. How-
ever, by far not all earthward directed CMEs initiate a geomagnetic storm. There is
mounting evidence that a southward oriented interplanetary magnetic field is cru-
cial for initiating a major geomagnetic disturbance [36] and for causing variations
in the critical plasma frequency of the ionosphere.

Non-stationary radio emission during periods preceding CME observations has

5http://www.irfl.lu.se/HeliosHome/esaswprogram.html
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been shown to reflect processes in the lower layers of the solar atmosphere during
the period preceding the CME passage into the solar corona [99]. It therefore
appears possible to construct algorithms of forecasting CME formation based on
radio data [100].

Because CMEs play such a significant role for the state of the Earth’s envir-
onment, a thorough understanding of their physics, their initiation and evolution
beyond the limits (in wavelength and spatial coverage) of coronagraph images is
desirable. The only other point of reference for CME observation is the L1 libra-
tion point, about 230 Earth radii in front of the Earth, where in-situ solar wind and
magnetic field measurements of the interplanetary medium are continuously taken
by space probes such as Advanced Composition Explorer (ACE) and Wind. Im-
proved monitoring from initial formation through development and modification
during their passage through the outer corona and the interplanetary space will aid
significantly in understanding CMEs.

3.2.1 The Morphology of Coronal Mass Ejections

Coronal mass ejections (CMEs) constitute a form of intermittent massive expul-
sion of mass from the solar corona. They may appear with a frequency of one
event per every few days during solar minimum to several events per day during
solar maximum. They form a bursty type of solar activity and are—if earthward
directed—known to be a key causal link between solar events and geomagnetic
storms [41, 56].

CMEs were first directly identified in white-light images from a coronagraph
flown on OSO-7 [110] and their rather frequent occurrence has been established
through continuous space-borne observations on OSO-7 [110], Skylab [71] and
various subsequent spacecraft such as Solwind (P78-1) [77] and Solar Maximum
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Mission (SMM) [70]. The Large Angle and Spectrometric Coronagraph Experi-
ment (LASCO) [18] flown on the Solar Heliospheric Observatory (SOHO) [24]
which was launched in 1995, has by now provided the most extensive set of CME
observations at different optical and near-optical wavelengths during solar condi-
tions ranging from solar minimum to solar maximum. Optical signatures of CME
structures have been observed from 1.1 out to 30 solar radii (the inner and outer
limits of the LASCO field-of-view).

At solar minimum, the vast majority of CMEs is produced at low solar latitudes,
and at solar maximum, at virtually all latitudes in a regime of slow to moderate
ambient solar wind speed. At the inner edge of the coronagraph images, CMEs are
observed to start at a wide range of velocities, often at a rather low speed of a few
tens of km/s, and they frequently undergo acceleration all the way to the outer edge
of the coronagraph image [46] up to a velocity of many hundreds of km/s.

The typical CME structure (33% of the cases according to [19]) can be related
to the well-known prominence–cavity pattern leading to a three-part configuration:
a leading density enhancement, followed by a density depletion, the disconnec-
ted coil-shaped flux system supporting the former prominence, again followed by
another density enhancement parts of the uplifting prominence. The probable con-
servation of the magnetic support of the former prominence is the physical key fact
for the later identification of in-situ observed magnetic clouds in the solar wind
with preexisting CMEs and before existing prominences on the disc.

The other extreme of the CME morphology is a diffuse and structure-less mass
cloud (about 25% of the cases). The total mass ejected in one single CME is typic-
ally in the 1012 to 1013 kg range [40]. Plasma temperature and density within CMEs
seem to be highly inhomogeneous. There exist early reports on long-standing con-
finement of cold prominence matter within the CME body. Woo [119] presents
a density and density inhomogeneity histogram of different coronal structure ele-
ments including CMEs.

At large distances from the Sun, plasma density and plasma speed in CMEs are
not necessarily different from those of the ambient solar wind. A number of char-
acteristic features including low ion and electron temperatures, counter-streaming
suprathermal electrons and energetic ions, higher alpha particle abundance and a
strong magnetic field are often found to be associated with CMEs [80].

From solar observations it is evident that the explosive, short time-scale en-
ergy release during flares and the long term, gradual energy release expressed by
CMEs can be reasonably understood only if both processes are taken as common
and probably not independent signatures of a destabilisation of preexisting coronal
magnetic field structures. Configurations of several active regions, quiescent prom-
inences and large scale magnetic arcades outside active regions can be source re-
gions of CME formation. The study of formation, acceleration, and propagation of
CMEs requires complex observational tools in different spectral ranges at as many
“levels” as possible between the photosphere of the Sun and the magnetosphere of
the Earth.
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3.2.2 CME Probing at Frequencies Outside the Optical Range

An extensive phenomenological knowledge of the optical features of CMEs from
about 1.1 to 30 solar radii has been acquired to date, but knowledge beyond those
limits is still sparse. Knowledge about CMEs at other than optical wavelengths
exists but is very limited. The only detailed investigations which focus on the
non-optical range are recent studies of coronal imaging in the soft X-ray regime.
Hudson and Webb [47] report that the majority (but by far not all) CMEs are asso-
ciated with soft X-ray flux before and during CME appearance in white light. The
X-ray emission regions were typically found to lie asymmetrically underneath the
optical CMEs.

Velocity measurements of the solar wind in its acceleration region were car-
ried out in 1984 with Venera orbiters and ground stations using radio sounding
techniques [26]. Coronal flow velocities increased from 20 km/s up to 300 km/s
for distances from 3 to 20 solar radii. Very recently, passive radio observations of
CMEs were performed with the Nançay radio-heliograph at distances around 3R�
[9]. The temporary connection between CMEs and microwave precursors were
studied by Sheiner and Durasova [98]. They found that the radio precursors lead
the CME observations by 20–60 minutes.

Distinct spatial regimes of interest to the understanding of CME physics in-
clude the acceleration regime (from the bottom-side corona out to several tens of
solar radii) and the interplanetary space. In particular the initiation regime and the
physical processes which lead to CME generation and disruption from the corona
are poorly understood, probably largely due to the limit (in space and wavelength)
on CME observation.

3.2.3 Monitoring CMEs from the Ground

The most detailed CME studies to date have been made from CMEs originating
near the solar limb. CMEs originating from regions facing the Earth and from
behind the Sun have been observed as well (Halo CMEs) but are less extensively
studied due to their poorer visibility in coronagraph images. It is more difficult
but nevertheless possible (with the help of the SOHO Extreme Ultraviolet Ima-
ging Telescope, EIT) to distinguish between CMEs propagating toward and away
from the Earth. Obviously, only the former can be geoeffective. The NASA Solar
Terrestrial Relations Observatory (STEREO) mission scheduled for a 2005 launch
is expected to provide 3-D coronagraph observations of CMEs (including those
which appear as Halo CMEs to an Earth-based observer) supplemented by radio
observations in the 1–14 MHz range provided by the WAVES instrument previ-
ously used in the WIND mission [17]. STEREO will thus overcome some of the
limits of present-day optical observations. But even if a Halo CME propagates
toward the Earth it may still pass by at some distance from the Earth’s magneto-
sphere without affecting geospace. It is therefore insufficient to have CME monit-
oring constrained to regions close to the Sun if those CMEs which will eventually
be geoeffective are to be identified.
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FIGURE 13: Radar cross section for a CME vs. distance R from the CME
front to the solar centre for 20 MHz, 40 MHZ, and 100 MHz radar frequen-
cies. The CME is assumed to be an expanding spherical plasma shell accord-

ing to model equation (7).

Radar probing of the solar corona and the interplanetary space with respect
to CME evolution and propagation characteristics will thus aid considerably in
identifying those CMEs which approach the Earth’s magnetosphere.

However, since the successful radar observations of the Sun reported by Esh-
leman et al. [30], James [54], and Campbell and Parrish [84, 20] at frequencies in
the 25–40 MHz range were without any spatial resolution on the Sun, and since no
independent solar observations capable of detecting CMEs were made until sev-
eral years later when CMEs were first discovered, the specific radar signatures of
CMEs are not yet known. The radar echoes observed by James [54] sometimes ex-
hibited large cross-sections and complex Doppler spectra which are now thought
to be related to CMEs.

In order to estimate the expected CME cross-section, we model the CME as an
expanding geoeffictive plasma shell of radius

r =
1
2

(R−R�) (7)

The initial plasma density in the CME shell is taken to be 1016 m−3 [40], in fair
agreement with the assumption of a completely ionised proton plasma of mass
1012–1013 kg. The plots in Figures 13 and 14 describe the results.

Radio occultation techniques have been applied to radio signals from various
interplanetary space probes when received after passing through the solar corona
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according to model equation (7).

[119]. The fact that CMEs (among other coronal structures) perturb and scatter ra-
dio signals has been demonstrated by comparison with simultaneously taken coro-
nagraph images. Intensity scintillations, spectral broadening and Faraday rotation
of the radio signals revealed the composite structure of CMEs, in principle a com-
pressed header, a rarefied intermediate region and a high-density body with largely
enhanced density fluctuations.

It is likely that the radio perturbation features of CMEs established so far can
be exploited by using the LOFAR receiving system in combination with an appro-
priate transmitter. Radio signals emitted from the Earth would propagate through
the front-side corona, be reflected in the middle corona, and return through the
front-side corona on their way back to Earth. In order to be successful, the method
requires the ability to distinguish between direct solar radiation and backscattered
artificial radiation from Earth-based radars. Natural solar radio radiation will in-
crease during solar activity such as bursts, CMEs, etc. This might complicate the
discrimination of geoeffective CME events against the background solar radiation,
but the necessary discrimination may in any case be achieved through the use of
coded radar transmissions and advanced polarimetric techniques. It will also be
scientifically interesting, and possibly technically necessary, to monitor the nat-
ural solar radiation on a separate channel or channels at a frequency or frequencies
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close to but different from the radar transmission frequency.
It is interesting to note that the Doppler shift of CMEs propagating along the

Sun-Earth line is expected to be of the order of several tens of kHz while the spec-
tral width of the echo may easily be as large as several hundreds of kHz. These
estimates are supported by the published data from the El Campo observations.
The bandwidths of native solar radio signals are in the MHz range.

Since the characteristics of CME turbulence are not well known, the type of
radar backscatter mechanism which may exist is not known either. Various mech-
anisms were proposed in order to explain the data obtained with the El Campo
radar, including turbulence in the local medium [64], fluctuations in the altitude of
the plasma resonance level due to electron density fluctuations in the solar wind
[50], ion acoustic waves [37] and coherent lower-hybrid waves [118].

If total reflection at the plasma frequency were considered as the main backs-
catter mechanism, good prospects exist to observe CMEs up to about 2–3 solar
radii, according to simulations performed by Mann et al. [74]. They arrive at a
coronal plasma frequency of around 20 MHz at a distance of 2 solar radii (cf. Fig-
ure 5).

4 Solar Wind Radar
The solar wind structure has been described in a number of papers and mono-
graphs; see Genkin and Erukhimov [33] and references cited therein. Our current
understanding is that the interplanetary medium is characterized by a large sectorial
structure, within which the out-flowing plasma attains speeds, at R ≈ 1 AU, which
are in the range 300–400 km/s under quiet conditions and up to 700–800 km/s in
high-speed solar wind streams.

In-situ measurements of solar wind plasma and interplanetary magnetic field
made simultaneously by several interplanetary space probes including ACE, Wind,
Geotail and IMP-8, did not always render consistent results, probably because dis-
turbances in the solar wind can travel in a variety of directions between two ex-
tremes: radially away from the Sun (such as the steady solar wind) or guided along
the spiral-shaped field lines (such as occasional proton flux bursts). Radar observa-
tions of the propagation characteristics of disturbances in the solar wind have the
potential of being very useful in augmenting in-situ observations.

Scattering of the radar signals due to shocks, formed, for example, in the inter-
action between fast and slow solar wind streams, and ahead of CMEs if the speed is
high enough; strongly enhanced ion-acoustic turbulence; turbulent structures such
as zonal flows [106]; and gradients in the form of plasma bubbles, clouds, plas-
moids, etc. in interplanetary space, opens up new possibilities of studying the solar
wind and the physical mechanism leading to the observed phenomena. As was
shown by Genkin and Erukhimov [32], a powerful and sensitive radar, operated in
the upper HF range, may produce detectable echoes from ion-acoustic turbulence
in fast solar wind streams.
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Sun obtained from interplanetary scintillation (IPS) measurements made at
the Kashima 34-m radio telescope in Japan in 1989. The points indicated by
A and B are thought to be related to coronal mass ejection (CME) events. A
powerful solar radar would probably allow measurements of the early stages
of solar wind acceleration and CME development at low solar altitudes. After

Tokomaru et al. [108]; see also [109] and [120].

A tentative experimental detection of such turbulence was made in the summer
of 1986 with the Sura facility operated at 9 MHz [28]. Echo bursts with a Doppler
shift of fDop ≈ 19 kHz, a delay time of τ ≈ 1.2 s, and an average scattered signal
power of 2× 10−14 W, were observed. The receiver bandwidth used was 1.5 kHz.
The conjectured scattering region was on the day-side at a distance of 33 Earth
radii. The solar wind velocity, as determined from fDop, was estimated at about
400 km/s.
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5 High-Altitude Magnetospheric Radar
The solar wind kinetic energy drives several processes in the magnetosphere of
the Earth, e.g., convection, current systems and the visual auroral displays. As
recently pointed out by Song and Lysak [102], a dynamical description of the solar
wind-magnetosphere interaction, e.g., by including MHD wave interactions and
wave packet dynamics, may lead to a more realistic model of the energy transfer
from the solar wind into the magnetosphere; CMEs are believed to cause major
magnetospheric storms [104] corresponding to increased solar wind energy input
[3]. The increase of energy input rate during CMEs or during other solar wind
disturbances will most likely increase the turbulence level at the magnetopause
[91].

The energy input rate into the magnetosphere has successfully been described
by global parameters [85] suggesting that global dynamics are more important than
microscopic transport coefficients in solar wind-magnetosphere coupling. It has
been proposed that if certain parameter threshold values be exceeded, in combina-
tion with a southward pointing IMF, a substorm to be triggered; Figure 1 in [102]
illustrates MHD wave propagation in active magnetospheric regions and that the
magnetopause is a highly dynamic region.

With a deep-space radar, we hope to establish the signatures of the bow shock
and the magnetopause during a variety of solar wind conditions, including CME
encounters, and subsequently to investigate the processes responsible for transfer-
ring energy and momentum to the magnetosphere. A primary task would be to
establish a relation between the characteristics of the magnetopause as measured
by the radar and the energy input rate into the magnetosphere.

The Cluster multi-spacecraft mission is now telling us how turbulent these re-
gions are [29]. We see evidence of turbulence, and also of large scale waves (cor-
rugations in the boundary surface). There is also the possibility of diamagnetic
structures in these regions, and Cluster data appear to show this.

We will search for radar signatures of the auroral acceleration regimes and
study their relationship to the energy input rate. We will combine the new data with
other information to address issues such as sub-storm triggering loading-unloading,
and cause-and-effect relationships. There is reason to assume that multiple accel-
eration processes may be operative along the field lines at different altitudes [95].

The optical aurora and the auroral oval display great variability, the reason
for which is not fully known. Solar wind characteristics, internal magnetospheric
conditions, and atmospheric conditions are all suspected of playing a role. We
hope to advance the understanding of auroral variability by comparing radar ob-
servations of CMEs and radar data characterising the time-dependent solar wind-
magnetosphere interaction with characteristic auroral features such as the type of
aurora, its intensity, temporal variability, and the size of the auroral oval. In doing
so we hope to answer questions such as whether the influence of the solar wind is
limited to energy transfer, or whether the signature of a solar wind disturbance has
a corresponding signature in the characteristics of the aurora.
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6 Low-Altitude Magnetospheric Radar
Space-borne experiments have shown that strong ion-acoustic turbulence can ex-
ist on auroral zone magnetic filed lines in the magnetosphere at altitudes between
4000 and 13000 kilometres [105, 16, 45]. Radar signals in the upper HF and lower
VHF ranges may scatter coherently off this long Debye length plasma turbulence
so that they can be observed by LOFAR and other high-sensitivity radio telescopes
with favourable observing geometries and optimum wavelengthß λradar. Theor-
etical arguments by Ginzburg and Rukhadze [35] suggest that the optimum scat-
tering occurs when λradar ≈ 5λDe, which means that a radar frequency of 85 MHz
would yield maximum echoes from altitudes around 3000 km; lower frequencies
will scatter off magnetospheric ion-acoustic turbulence at higher altitudes.

The first tentative observation of coherent HF radar scattering off magneto-
spheric ion-acoustic turbulence was made at the Russian Sura facility in 1991 by
Gurevich et al. [42]. Later, in 1995, scattering off magnetospheric turbulence at
about 6000 km was observed in experiments performed at Tromsø where the EIS-
CAT HF facility was operated in a radar mode [107]. The echoes were typically a
factor 10−20 weaker than the transmitted pulses.

The use of LOFAR along with a separate transmitting facility as a deep-space
radar could contribute further to these studies of transient enhancements in backs-
cattered power from the lower magnetosphere. Incoherent scatter radars have
single, point beams, so while they may be used with great accuracy to locate scat-
tering sources in relation to auroral filaments, they will not give a bigger picture—
morphology, dynamics, and relation to magnetospheric phenomena—without be-
ing operated in (mechanical) scanning mode, which introduces time/space ambi-
guities into the interpretation of the data.

7 General Remarks
The extension of the LOFAR system to include a radar capability ... will facilitate
a mutually beneficial synergy between astronomy and space physics.

For instance, the study of transient sources in distant Universe will benefit
greatly from, and in some cases may not be reliably possible without, an active re-
search programme on the solar-terrestrial relationships discussed here. The know-
ledge to be developed in this area will thus be important to squeezing the most out
of LOFAR itself. An example is variability in local (turbulent) effects, which could
hamper a correct interpretation of variable signals.

Likewise, the availability of multi-beaming and high sensitivity during recep-
tion could provide discriminatory information important for the correct interpret-
ation of radar signatures. The capability of using many separated beams is some-
thing that very few space radars possess.
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FIGURE 16: The Sun’s magnetic field and releases of plasma directly affect
Earth and the rest of the solar system. Solar wind shapes the Earth’s mag-
netosphere and magnetic storms are illustrated here as approaching Earth.
These storms, which occur frequently, can disrupt communications and nav-
igational equipment, damage satellites, and even cause blackouts. The white
lines represent the solar wind; the purple line is the bow shock line; and the

blue lines surrounding the Earth represent the magnetosphere.

7.1 Solar Observations
To enhance our knowledge about the solar atmosphere in general, and to overcome
the lack in our knowledge about radar signatures of CMEs in particular, we propose
to attempt to establish a CME radar signature by using the combination of LOFAR
and a radar transmitter sub-facility solar radar measurements taken during limb
CMEs which are clearly identified in optical images, e.g., taken with LASCO on
SOHO, will be searched for common radar return characteristics. It may then be
possible, by examining radar observations of a large number of optically identified
CMEs, to find a characteristic signature in the radar return signals.

Once a sufficiently large “inter-calibration” data base has been assembled, we
expect to be in a position to identify and monitor, with the help of solar radar
measurements, all CMEs, including those which propagate toward the Earth and
are potentially geoeffective. LOFAR and its transmitter will thus assume a role as
an important tool for space weather research. For example, there have been reports
on strongly geoeffective CMEs which were almost invisible on the solar disk. Dy-
namically changing faint large scale arcades outside active regions were reported
a posteriori (e.g., the January 6–11, 1997 CME and the following geomagnetic
storm; see Webb et al. [115] for a survey). These should be detectable using a
LOFAR solar radar system.

LOFAR will also be able to record passive solar radio emissions. Solar type II
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radio bursts represent signatures of shock waves in the solar corona [78, 73]. Such
shock waves can be driven by fast CMEs if the velocity of the CME exceeds the
local Alfvén speed in the solar corona. The relationship between CMEs and solar
type II radio bursts is discussed in a review presented by Aurass [7]. A statist-
ical study of this relationship has recently been undertaken by Classen and Aurass
[22]. Thus, the type II burst signature is a nice tracer of coronal shock waves. This
information could be essential for active radar measurements of large scale disturb-
ances travelling through the solar corona and therefore radio emission observations
should be made concurrently with solar radar observations.

7.2 Magnetospheric Scatter
Ionospheric plasma turbulence, much-studied in recent years in connection with
auroral particle precipitation [97], is commonly found around sharp gradients in
density, conductivity, etc. For example, the edges of the mid-latitude trough can
give rise to turbulent structures that lead to coherently enhanced radar scatter.
However, we do not know much about underdense radio scattering mechanisms
(gradient, Bragg-like irregularities, nonlinear) in the magnetosphere. Hence, we
need to investigate experimentally the scatterometric properties of the magneto-
spheric plasma regions in order to work towards a complete understanding of those
mechanisms. This can be addressed by a powerful radar system using LOFAR
as a receiver. This topic becomes all the more important in light of the separa-
tion arguments which have been made in relation to the four Cluster spacecraft.
A deep-space radar may be ideal for studying (say) magnetopause and bow shock
morphology and dynamics, e.g., large scale waves propagating along the boundary,
and oscillations set up in response to a solar wind pressure pulse. As in the iono-
sphere, we could let spacecraft constellations study small-scale structure, and use
radar and optics to paint the bigger picture.

7.3 Radar Scattering Centres of Consequence to Deep-Space
Probing

The radar signal on its way to and from targets in deep space may encounter numer-
ous interactions at lower altitudes. In order to correctly interpret the solar and other
deep-space echoes, signatures from low-altitude echoes must be identified and sub-
tracted. These signatures, which in themselves will be valuable contributions for
the atmospheric and ionospheric scientists, can be caused by, for instance,� Meteor- and cosmic particle-induced ionisation trails of a transient nature.� D region turbulence in the altitude range 50–90 km, where the pressure is

relatively high, and collision frequencies are greater than the plasma critical
frequencies in the layer.
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32 SITING OPTIONS� RF absorption/blackout, which is a major problem at auroral latitudes dur-
ing disturbed conditions (e.g., substorm onset). This is not such a problem
at lower latitudes. Also, nonlinear absorption processes in the D and E re-
gions can result from high power HF waves traversing the ionosphere [63].
However, one can avoid nonlinear absorption by having many small trans-
mitters distributed over a large area and collimate or focus the beams far out
in space.� Sporadic E layers (metal ions). These are a problem mainly at higher latit-
udes, but mid-latitude sites can also be significantly affected.� Small-scale F region field-aligned density gradients due to self-organisation.
These are known to produce “spread F” traces in ionograms and to be formed
in regions illuminated by powerful HF radio waves and thus affect the propaga-
tion of other radio waves traversing the same regions.� Scatter from satellites and man-made space debris. This is not always ob-
vious, nor does it necessarily lead to greatly enhanced power returns. If the
cross-section is large, and the scatter is seen through the mean beam then it
should be easy to identify. If, however, the scattering cross-section is relat-
ively small, or the satellite is seen through the side-lobes of the antenna, the
complications arise. To make it even worse, range aliasing can lead to satel-
lites in geostationary orbit (for example) appearing to orbit at ionospheric
altitudes.� Travelling ionospheric disturbances (or propagating waves in general).� F region patches. These have recently been suggested to be driven by mag-
netospheric processes such as magnetic reconnection. Whatever their gen-
eration mechanism, the passage of small scale structures through a phased-
array HF radar’s (near) field-of-view can lead to aliasing, which is difficult
to deal with in routine, automated data reduction.

8 Siting Options
The high- and low-latitude phenomena of HF radio absorption and blackout would
lead us to site a low frequency radio astronomy observatory such as LOFAR away
from both the auroral zones and magnetic equator in a region with low radio in-
terference levels in the frequency range of interest. As a result, the several LO-
FAR siting options currently being considered are all located at mid-latitudes. The
proposed sites fall broadly into three geographic areas: southwestern Australia,
southwestern North America, and northern Europe.

In all cases, a powerful transmitter is required. LOFAR, in turn, is to be optim-
ised for producing aperture synthesis images of objects under observation. Thus
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a LOFAR-plus-transmitter combination would form a solar radar system of tre-
mendous potential, significantly more capable than the El Campo system of the
1960s.

However, it is clear that the site choice will influence the possibilities for an ap-
propriate transmitting system for solar and deep-space radar studies using LOFAR.
Here we include a brief discussion of proposed sites in Australia, North America,
and Europe, and a more in-depth look at two case studies specific to the proposed
European site.

8.1 Australia
Of the three regions, southwestern Australia is the most remote, the least-developed,
and the most electromagnetically pristine. So far as we are aware, no specific pro-
posal for a transmitter has been made for the Australian site. However, Australia
and New Zealand have traditionally hosted strong radio science groups, some of
which have already shown interest in the possibility of LOFAR being placed in
their neighbourhood. There is thus a reasonable possibility of finding substantial
support among local radio, atmospheric, and space physics groups for construction
of a suitable transmitter for solar and deep-space radar studies with LOFAR.

8.2 North America
The two locations proposed for LOFAR in the southwestern USA suggest that an
existing scientific HF radio transmitter, operated in Alaska by the High Frequency
Active Auroral Research Program (HAARP),6 might be used in conjunction with
LOFAR for solar radar and other active observations. During the summer, the Sun
lies about 40 degrees south of the HAARP site, at the extreme edge of the HAARP
antenna pointing range, and at that point the Sun would be roughly 40 degrees to
the west of LOFAR, thus allowing overlap of the HAARP and LOFAR beams on
the Sun. The upper limit of the HAARP transmitter frequency is currently 8 MHz,
but plans are in place for upgrading to 10 MHz, the low end of the LOFAR range.
Although the 10-MHz frequency is near the limit of what is possible to transmit
through the ionosphere, recordings of peak ionospheric F-region frequencies vs.
time of day and day of year indicate that it may work.

A powerful 26-MHz solar radar system has been informally proposed as an
upgrade to the Arecibo Observatory radar in Puerto Rico. With this upgrade in
place, Arecibo would operate as a stand-alone solar radar system and would also
be fully compatible with the LOFAR receiving system. With LOFAR pointing
about 45 degrees west, the two systems would have a bistatic overlap on the Sun
of about two hours each day during the northern hemisphere summer. A formal
proposal is expected to be made during 2003.7

6http://www.haarp.alaska.edu/haarp
7http://www-ece.ucsd.edu/ coles/solar_radar
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It has been suggested that a new solar radar transmitter should be constructed in
Texas, and it is possible that this idea may be developed into a concrete proposal.

8.3 Europe
There is currently an active European project aimed at constructing a high-tech-
nology solar radar in southern Sweden. Inspired, in part, by the proposed LOFAR
location in the Netherlands and northern Germany, and incorporating the LOFAR
name into its own, the LOFAR Outrigger in Scandinavia (LOIS) project8 would
use advanced radio and computer systems similar to those being considered for
LOFAR itself. LOIS will be integrated within the major European initiatives for
space weather [68, 69].

The LOIS transmitter will use distributed technology, in which atomic array
elements, each transmitting no more than a few kW of power, are phased into
groups of roughly 100 to 300 m in size, each of which has the desired transmit
beamwidth, but the total power of which is well below the thresholds for creat-
ing artificial plasma irregularities in the ionosphere and with correspondingly low
side-lobe power levels, thus easily meeting limits for environmental, health, and in-
terference power levels. The radiation from all of the distributed phased groups will
be precisely controlled in phase so that, when the signals merge in interplanetary
space, the vector E and B fields of the combined beam are virtually indistinguish-
able from those produced by an ideal non-distributed transmitter in a vacuum. Like
the Arecibo project, LOIS could operate in conjunction with LOFAR or as a stand-
alone system. LOIS would be capable of solar radar observations during northern
hemisphere summer.

As an example of collaborative studies which might be taken by a LOFAR
sub-facility, two case studies focusing on potential collaborations between LOIS
and LOFAR with the European Incoherent Scatter Radar (EISCAT) observatory
in northern Scandinavia are presented next. This is followed by calculations il-
lustrating a number of global bistatic possibilities for solar radar, with the LOIS
transmitter as an example, and receiving sites in several possible locations, includ-
ing those proposed for the LOFAR system.

8.3.1 Case Study 1: Collaborative Magnetospheric Observations using
LOFAR-LOIS and the EISCAT Incoherent Scatter Radars

By combining the auroral zone incoherent scatter radar facilities of the European
Incoherent Scatter Scientific Association (EISCAT) with a radar such as the one
that would be provided by the proposed LOIS system in combination with LO-
FAR at the European site, it will be possible to systematically investigate how
irregularities along the geomagnetic field line, foot-printed on the EISCAT Tromsø
site, scatter the radar signals. Figure 17 depicts the magnetic field line from the
Tromsø location, the position of the LOFAR telescope, assumed to be centred on

8http://www.lois-space.org
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FIGURE 17: The magnetic flux-tube, calculated according to the Tsyganenko
model [112], with its footprint at Tromsø. The LOIS and LOFAR sites are
depicted, demonstrating that the geometry for radar investigations of the flux

tube from these sites is favourable.

Dwingeloo, Netherlands, and the LOIS radar, centred on Växjö, Sweden. Due to
the large sizes of the LOIS and LOFAR antenna arrays, the entire magnetosphere
will lie in the near fields of both instruments, allowing the possibility of dramat-
ically increasing the power density of the LOIS transmitter, and the sensitivity of
the LOFAR receiver, through the use of near-field focusing onto the Tromsø field
line. By varying the azimuth and elevation angles, it will be possible to study pro-
cesses along one and the same magnetic field line over a large altitude range in
the magnetosphere. As LOFAR and its supplementary radar facility will be digit-
ally controlled with millisecond agility, varying the pointing, and along with it the
focusing, of the two arrays can be done rapidly, thus allowing the separation of
temporal and spatial effects.

8.3.2 Case Study 2: Collaborative Studies between LOFAR-LOIS
and the EISCAT High-Power HF Transmitter

Recent experiments with the EISCAT high-power, high-frequency (HF) facility
outside Tromsø, Norway, have indicated that radio waves from a powerful HF
transmitter may cause local activation of aurorae [15]. A mechanism for such
an effect has been proposed and is supported by measurements performed with the
EISCAT 931-MHz (UHF) radar. The data show that high-power HF radio waves
propagating along the direction of the local magnetic field in the night-side au-
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roral ionosphere can give rise to a very significant increase in the electron and ion
temperatures, Te and Ti, respectively, along the magnetic field-aligned direction at
altitudes up to the upper limit, 600 km, of the measurements. Associated with the
increase in Te and Ti at altitudes above 350 km are intense upward field-aligned ion
flows with speeds between 300 and 350 m/s. At the same time, it is believed that
heater-induced low-frequency plasma turbulence leads to the formation of field-
aligned potential drops, anomalous resistivity, and the generation of parallel elec-
tric fields. These fields create an acceleration region at altitudes from 350 to 1000
km, causing the generation of runaway charged particles from the ionosphere.

These effects contribute to the excitation of a turbulent Alfvén boundary layer
(TABL) in the ionospheric Alfvén resonator [111, 88, 87]. The excitation of a
TABL leads to a decoupling of the magnetospheric convection from the iono-
spheric drag and triggering of substorms. Still, many questions are outstanding:� How far out in the magnetosphere do the observed phenomena go?� What do they produce in the magnetosphere?� Does a turbulent Alfvén boundary layer really exist? Can it be located in the

low-altitude acceleration region?� What is the role of plasma instabilities in the process?

Supplementing local measurements in situ from spacecraft, a sensitive, suitably-
located deep-space radar would be an extremely powerful tool to find answers
to these and related questions regarding magnetospheric turbulence, ionosphere-
magnetosphere coupling, and phenomena initiated by powerful HF radio transmit-
ters.

8.4 Bistatic Radar Geometry
Quite generally, the geometry of an arbitrary bistatic radar setup as illustrated by
Figure 18 is characterized by the great circle angle α between the location of the
transmitter (TX) and receiver (RX) on the face of the Earth. Assuming Earth to be
spherical, α is obtained from the relation

XTX ·XRX = |XTX| |XRX|cosα (8)

where XTX and XRX are the vectors from the centre of the Earth to the transmitter
and receiver, respectively.

By assuming a geocentric coordinate system and using the latitudinal angles
θTX, θRX and the longitudinal angles ϕTX, ϕRX of the transmitter locations and re-
ceiver locations, the vectors XTX and XRX can be expressed in Cartesian coordin-
ates as

XTX = (sinϕTX cosθTX,cosϕTX cosθTX,sinθTX)RÊ (9)
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FIGURE 18: The geometry of a bistatic setup with a receiver (RX) and trans-
mitter (TX) located on the surface of the Earth. The height h at which the
transmitter and receiver beams intersect is determined by the great circle
angle α between the sites and the transmitter and receiver beam elevation
angles βRX and βTX, respectively (assuming that the azimuth angles are set

so that the beams are along to the great circle).

and

XRX = (sinϕRX cosθRX,cosϕRX cosθRX,sinθRX)RÊ (10)

respectively, where the radius of the Earth RÊ is approximately 6371 km. From
this, one can express the cosine of the great circle angle as

cosα = sinϕTX cosθTX sinϕRX cosθRX

+ cosϕTX cosθTX cosϕRX cosθRX+ sinθTX sinθRX (11)

Assuming the transmitter to be located in Växjö, Sweden, the great circle angle
α to several possible receiving locations has been calculated. The results for receiv-
ers at Tremsdorf, Germany (Astronomische Institut Potsdam Radioheliograph);
Dwingeloo, Netherlands (European LOFAR site); Nançay, France (Observatoire
de Paris Radioheliograph); Kharkov, Ukraine (UTR-2 radio telescope); Vasil’sursk,
near Nizhniy Novgorod, Russia (Sura radio telescope); Northern Kenya (proposed
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TABLE 2: The great circle angle α from a transmitter (TX) at Växjö, Sweden,
at 56.8◦ N, 14.8◦ E, to several receiving sites (RX) in Europe, Africa, Aus-

tralia, and North America.

RX θRX ϕRX α

Tremsdorf, Germany 52.3◦N 13.1◦E 4.6◦

Dwingeloo, Netherlands 53.0◦N 6.5◦E 6.2◦

Nançay, France 48.4◦N 2.2◦E 11.4◦

Kharkov, Ukraine 50.0◦N 36.2◦E 14.3◦

Vasil’sursk, Russia 56.2◦N 46.0◦E 17.0◦

Northern Kenya 2◦N 37◦E 57.5◦

Arecibo, Puerto Rico 18.3◦N 66.8◦W 70.3◦

Socorro, New Mexico 34.1◦N 107.6◦W 77.0◦

Western Texas 31◦N 104◦W 78.3◦

Southwestern Australia 30◦S 120◦E 122.8◦

TABLE 3: The heights h of intersecting transmitting beams from Växjö,
Sweden (TX), and receiving beams from Dwingeloo, Netherlands (RX), for
various transmitter and receiver beam elevation angles βTX and βRX, respect-

ively, and azimuth angles along the TX-RX great circle.

βTX βRX h (km) βTX βRX h (km)

0 0 21.0 90 0 84.9
30 30 336 90 30 759
60 60 1069 90 60 2641

Kenya International Radio Observatory, KIRO); Southwestern Australia (Cool-
gardie, near the proposed Australian LOFAR site); Arecibo, Puerto Rico (Arecibo
radar and radio telescope); Socorro, New Mexico, U.S.A. (Very Large Array, one
of the two proposed LOFAR sites in the SW USA); and Western Texas, U.S.A.
(another proposed North American LOFAR site) are given in Table 2.

For a transmitter in Växjö, Sweden, and a receiver in Dwingeloo, Netherlands,
the heights h where the beams cross as a function of different transmitting elevation
angles βTX and receiving angles βRX are given in Table 3.

As further illustrated by the two case studies in subsections 8.3.1 and 8.3.1, it
is clear that LOIS, in southern Sweden, would work particularly well with LOFAR
if LOFAR were constructed in northern Europe. However, as is clear from the
bistatic geometry analysis presented above, LOIS could be designed to function as
a solar radar system with LOFAR even if LOFAR were located at any one of the
other proposed sites. The LOIS site and the proposed North American LOFAR
sites are located about 80 degrees apart on a great circle path; however, to intersect
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on the Sun, each must steer about 60 degrees off zenith towards a position located
over the tropical North Atlantic. The relative pointing would be about the same
for the Australian site; if LOFAR were located in southwest Australia, the LOIS
and LOFAR beams could intersect on the Sun if each were directed 60 degrees
off zenith towards an appropriate point over India. The current LOFAR antenna
specifications stipulate that the 3 dB pointing position should be at 60 degrees
zenith angle. Thus, if the LOIS antennas were designed to at least match this
specification, any of these hypothetical observations would be possible. As with
the other potential LOFAR transmitters, all of these solar observations would be
performed during northern hemisphere summer.
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